Terrestrial mammals of different sizes tend to move in a dynamically similar manner when travelling at speeds corresponding to equal values of the Froude number. This means that certain dimensionless locomotor parameters, including peak vertical ground reaction force relative to body weight, stride length relative to leg length and duty factor, are independent of animal size. The Froude number is consequently used to define equivalent speeds for mammals of different sizes. However, most musculoskeletal-tissue properties, including tendon elastic modulus, do not scale in a dynamically similar manner. Therefore, mammals could not be completely dynamically similar, even if perfectly geometrically similar. We argue that, for mammals to move in a dynamically similar manner, they must exhibit systematic 'distortions' of limb structure with size that compensate for the size independence of the tendon elastic modulus. An implication of this is that comparing mammals at equal Froude numbers cannot remove all size-dependent effects. We show that the previously published allometry of limb moment arms is sufficient to compensate for size-independent tendon properties. This suggests that it is an important factor in allowing mammals of different sizes to move in a dynamically similar manner.
INTRODUCTION
The size of an animal influences its locomotor dynamics. For example, larger animals tend to use longer strides and lower stride frequencies at any given speed. Understanding how locomotor dynamics scale with size is an important step towards understanding why animals move as they do. It is essential for predicting how size will affect factors such as energetic cost, musculoskeletal forces and maximum speed. In addition, it makes it possible to account for the effects of size differences when trying to determine the influence of other factors. Alexander & Jayes (1983) proposed that mammals of different sizes would move in a dynamically similar manner when travelling at equivalent speeds, as defined by the dimensionless Froude number (u 2 /gh, where u is speed, g is the acceleration due to gravity and h is leg length). This implies that, at equal Froude numbers, mammals of different sizes will exhibit the same patterns of motion and will have equal values of dimensionless locomotor parameters such as stride length divided by leg length. Empirical evidence supporting this 'dynamic similarity hypothesis' has been presented by Alexander (1976) , Alexander & Jayes (1983) and Farley et al. (1993) . These studies have shown that, in mammals moving at equal Froude number, dimensionless locomotor parameters, including peak vertical ground reaction force (GRF) relative to body weight, stride length relative to leg length and duty factor, tend to be independent of animal size.
Alexander and Jayes' dynamic similarity hypothesis is potentially very important because it allows general relationships between locomotor parameters and speed to be obtained for animals of a wide range of sizes, it predicts how a number of locomotor parameters will scale with animal size and it provides a method for defining equivalent speeds. Other studies have used the trot-gallop transition speed (Heglund et al. 1974; McMahon 1975b) or the midrange speed within a gait (Heglund & Taylor 1988) as physiologically equivalent speeds, but this allows comparisons to be made at only a limited number of speeds within the possible range for each animal. Additionally, the trot-gallop transition is a speed that is unlikely to be selected voluntarily for constant-speed locomotion (Pennycuick 1975; Hoyt & Taylor 1981) .
The concept of dynamic similarity is widely used in physics and engineering. A formal definition states that, in two dynamically similar systems, all corresponding masses, lengths and times are in constant ratios, as defined by three separate scale factors, k M , k L and k T (Pankhurst 1964) . All other mechanical quantities can be defined in terms of these three reference dimensions; therefore, other mechanical quantities will also be in constant ratio, so dynamic similarity can be considered as complete mechanical similarity. The scale factors for other mechanical quantities can be calculated from the scale factors for mass, length and time and from the mechanical definition of the quantity. For example, because force is equal to mass multiplied by acceleration, which in turn is length divided by the square of time, the scale factor for force (k F ) can be calculated as
(1.1) Dynamic similarity can also be defined in terms of sets of reference dimensions other than mass, length and time.
For example, Alexander & Jayes (1983) used force, length and time. Dynamic similarity and the use of scale factors are discussed in detail in Isaacson & Isaacson (1975) . A consequence of this definition of dynamic similarity is that, for two systems to be completely dynamically similar, every mechanical parameter must scale in a defined manner. For example, if two systems are subjected to equal acceleration due to gravity, then dynamic similarity requires that the scale factor for all accelerations (k a ) must be equal to 1, so that k T must be defined as follows:
Likewise, if two systems are of equal density, then the density scale factor (k ) must be equal to 1, so that k M must be defined as follows: 
This shows that, for complete dynamic similarity, both these tissue properties should increase with animal size, scaling in direct proportion to a characteristic length. In fact, most musculoskeletal-tissue properties in mammals do not scale with size. Tendon elastic modulus (Pollock & Shadwick 1994a ), bone ultimate bending stress (Biewener 1982) and muscle maximum isometric stress (Medler 2002) are all independent of size in mammals. Likewise, the elastic modulus of limb bones (Weir et al. 1949; Smith & Walmsley 1959; Currey 1979) shows no clear relationship with animal size. This means that it is impossible for mammals to be completely dynamically similar, even if they are perfectly geometrically similar. A similar observation has been made by Alexander (1988) . Since mammals of different sizes do not have dynamically similar musculoskeletaltissue properties, the question arises as to how it is possible for them to move in a dynamically similar manner.
DISTORTIONS
Problems of this nature are frequently encountered in the design of physical models in engineering. A scaleddown model of a system can provide a relatively cheap and convenient means of making predictions about the behaviour of the full-sized system. For example, a model aeroplane in a wind tunnel can be used to predict the lift and drag coefficients for a particular wing design or the speed at which dangerous wing vibrations would occur in a full-sized aeroplane during flight (Langhaar 1951) . If accurate predictions are to be made from a model, it must be dynamically similar to the system it represents, at least in terms of parameters that are relevant to the predictions being made. However, it is often the case that the properties of the materials from which the model is constructed, or of the fluid surrounding the model, cannot be scaled in a dynamically similar manner relative to the full-sized system. To compensate for this, strategic 'distortions' are often introduced into the design of the model to maintain dynamic similarity to the full-sized system in the parameters considered relevant to the predictions being made.
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These distortions are deviations from dynamic similarity that are intended to compensate for non-dynamically similar material or fluid properties. They allow the model to be dynamically similar to the full-sized system in parameters that are considered important, without being completely dynamically similar to it. Most physical models incorporate some degree of distortion. For example, river models filled with water are often made relatively deeper than real rivers, to compensate for the fact that water properties are constant and, thereby, to maintain dynamically similar flow patterns (Isaacson & Isaacson 1975) . The use of distortions in physical modelling is described in detail in Baker et al. (1973) . Some authors (e.g. Murphy 1950) use the term 'distorted model' to refer to models that are not dynamically similar to the full-sized system in terms of the parameters to be predicted, but here we adopt the convention of Baker et al. (1973) , where distortions are defined as deviations from the defined scale factors that help to maintain similarity in the predicted parameters. The term is also used in this way by McMahon (1975a,b) , who discusses the relevance of distortions to understanding scaling in biology.
The concept of distortions can be applied to the study of dynamic similarity in mammalian locomotion. If any musculoskeletal-tissue property has a significant influence on the dynamics of locomotion and does not scale as required for dynamic similarity, then a compensatory distortion would have to be present for mammals to move in a dynamically similar manner. Here, we argue that tendon elastic modulus will have a significant influence on the dynamics of locomotion owing to its effect on limb stiffness. We review the published literature for evidence of distortions that would compensate for the size independence of tendon elastic modulus, making dynamically similar locomotion possible.
INFLUENCE OF TENDON PROPERTIES ON LOCOMOTOR DYNAMICS
To have no net change in the height of the centre of mass (COM) during a stride, an animal must exert a mean vertical GRF equal to its body weight. In bouncing gaits, such as running, trotting and hopping, this is achieved by alternating aerial phases, during which the COM is accelerated downwards by gravity, with ground-contact phases, during part of which the GRF exceeds body weight and the COM is accelerated upwards. At the start of each groundcontact phase, the COM has a forwards and downwards velocity, which tends to flex the limb joints, effectively 'shortening' the limb axially. Muscle-tendon units (MTUs) on the extensor surfaces of the joints resist this flexion, generating the GRF. This force decelerates the COM during the first half of each ground-contact phase and then accelerates it upwards into the next aerial phase.
The ratio of peak GRF to axial limb shortening, the 'limb stiffness', is a measure of the resistance of the limb to shortening and has an important influence on the dynamics of bouncing gaits (McMahon et al. 1987; Blickhan 1989; McMahon & Cheng 1990) , as well as affecting the mechanics of walking (Lee & Farley 1998) . It influences the rate at which GRF is developed and so affects both the magnitude of the peak GRF and the duration of ground contact. This latter parameter in turn influences the angle through which the limb sweeps during ground contact and therefore the stride length.
The limb stiffness depends predominantly upon the geometry of the limb and the extent to which the MTUs lengthen while generating force (Biewener 2000) . Tendons make a significant contribution to this lengthening: in mammalian limb MTUs, the ratio of muscle-fibre length to predicted tendon extension at maximum muscle stress ranges between approximately 0.04 and 10 (Pollock & Shadwick 1994b ). If it is assumed that muscle fibres can lengthen by a quarter of their resting length (Ker et al. 1988) , then this corresponds to a ratio of maximum tendon extension to maximum muscle-fibre extension of between 0.4 and 100. The stiffness of the limb tendons and, therefore, tendon elastic modulus, is consequently important in determining the limb stiffness and, through this, the dynamics of locomotion.
IDENTIFYING COMPENSATORY DISTORTIONS
Equation (1.4) shows that, if tendon elastic modulus scaled in a dynamically similar manner, it would increase with animal size in proportion to a characteristic length. The fact that it is actually independent of animal size (Pollock & Shadwick 1994a ) means that, without any compensatory distortions, tendons would be relatively less stiff in larger mammals, so that tendon strains would be relatively greater and limb stiffness would be relatively lower. To make dynamically similar locomotion possible, a compensatory distortion would have to counteract these effects, stiffening the limbs of larger mammals. This distortion could occur in tendon, muscle or limb geometry. Each will be considered in turn.
The force-length relationship of a tendon in its linear region can be described by its stiffness (S tendon ), which depends on the elastic modulus (E ), cross-sectional area (A) and length (l), as follows:
(4.1) Equation (4.1) shows that, in tendons with equal elastic modulus, stiffness increases with cross-sectional area and decreases with length. A relative increase in tendon crosssectional area, or a relative decrease in tendon length, with animal size could therefore compensate for the size independence of tendon elastic modulus. Mammalian-limb tendon dimensions have been shown to scale isometrically (Pollock & Shadwick 1994b) , however, suggesting that this is not the case. Another possibility is that a straight line fitted to the linear portion of the tendon stress-strain curve intercepts the horizontal axis at lower strains in larger mammals, so that the curve is shifted to the left (figure 1). This would mean that larger mammals had lower tendon strains for any given stress. Because many mammalian limb tendons operate predominantly within the toe regions of their stress-strain curves (Ker et al. 1988) , this effect could be significant. Values of intercept strain, or 'toe-limit strain', from the literature are shown in table 1. There is no clear relationship between toe-limit strain and body mass, but more data would be needed to draw a definite conclusion.
It is difficult to predict how the force-length relationship of muscle will scale with animal size because it is much more complex than that of tendon. It depends upon Proc. R. Soc. Lond. B (2004) stress strain elastic modulus toe-limit strain Figure 1 . The effect of shifting the tendon stress-strain curve to the left. Despite having the same gradient in the linear region, and so the same elastic modulus, the left curve has a lower toe-limit strain and a lower strain for any given stress. a large number of factors including resting fibre length, physiological cross-sectional area, the rate of shortening, fibre type, work history, muscle architecture and the degree of activation. Indeed, it has been shown in vivo that individual muscles can have different force-length relationships during different locomotor activities (Biewener & Corning 2001; Williamson et al. 2001; Daley & Biewener 2003) . To compensate for the size independence of the tendon elastic modulus, mammals moving at equivalent speeds would have to exhibit a systematic decrease in whole-muscle strain with animal size, such that the overall MTU strain remained constant despite increases in tendon strain. Larger mammals have relatively shorter muscle fibres and relatively greater muscle-fibre cross-sectional areas, suggesting that their muscles are more able to generate force and less able to change length than those of smaller animals (Alexander et al. 1981; Pollock & Shadwick 1994b ). This suggests that non-dynamically similar scaling of muscle strains may be a compensatory distortion, but more data would be needed to establish whether this is the case.
A systematic change in limb geometry with animal size could also compensate for size-independent tendon properties. Biewener (1989 Biewener ( , 1990 showed that the average ratio of MTU moment arm to GRF moment arm in the limb increases with size in mammals in proportion to body mass (m) 0.26 ± 0.04 (where the range indicates the 95% confidence interval). This would be expected to increase limb stiffness in larger mammals by decreasing the ratio of MTU force to GRF, resulting in less tendon extension and limb shortening for a given GRF (Biewener 2000) . This allometric scaling of limb moment arms will therefore compensate, at least partially, for the size independence of the tendon elastic modulus. Miles et al. (1992) a Estimated from stress-strain curves shown in cited reference. b Mean data given for rats that were exercised, but not given anabolic steroids, excluding the individual identified as an outlier.
TO WHAT EXTENT WILL MOMENT-ARM ALLOMETRY COMPENSATE?
Limb stiffness has the units of force divided by length. Therefore, it can be calculated from equations (1.1)-(1.3) that, if limb stiffness scales in a dynamically similar manner, it will have a scale factor equal to k 2/3 M , so that it will scale in proportion to m 2/3
. We have identified three characteristics that could exhibit distortions that compensate for the size independence of tendon properties: tendon toe-limit strain, muscle force-length relationships and the moment-arm ratio of the limb. There is insufficient evidence to determine whether the former two scale systematically with animal size, but limb moment arms are known to exhibit significant allometry in a direction that would tend to compensate for size-independent tendon properties. To establish whether moment-arm allometry alone is sufficient to maintain dynamic similarity in limb stiffness, we ignore the effects of any scaling of muscle properties by modelling total MTU stiffness as equal to tendon stiffness. We also ignore the influence of the toeregion of the stress-strain curve by modelling the curve as linear. We then use a simple model to predict the effect of moment-arm allometry on the scaling of limb stiffness.
Biewener (2000) used a two-segment model of the limb (based on the analysis of McMahon et al. 1987) to predict how MTU stiffness would scale for a given scaling of limb stiffness and moment-arm ratio. Here, we use the same model to predict the scaling of limb stiffness. Rearranging eqn (10) from Biewener (2000) gives
where S limb is limb stiffness, S MTU is MTU stiffness and r/R is the ratio of MTU moment arm to GRF moment arm. From equation (4.1), it can be predicted that, for isometrically scaling tendons with equal elastic modulus, tendon stiffness will scale in proportion to m 1/3 (m 2/3 /m 1/3 ). We will therefore take S MTU as proportional to m 1/3 . Without allometric scaling of limb moment arms, r/R would be proportional to 1, so that equation (5.1) predicts that limb stiffness would scale in proportion to m 1/3 . This is much less than the required m 2/3 and would result in larger mammals having relatively less stiff legs.
Substituting the measured scaling of moment-arm ratio of the limb into equation (5.1) predicts that limb stiffness will scale in proportion to m 0.85 ± 0.08 . This is higher than required for dynamic similarity. Models of the type used by Biewener (2000) necessarily involve many simplifications and, as discussed by the author, the predictions of the model Proc. R. Soc. Lond. B (2004) might alter to some extent if a different number of limb joints were incorporated. However, the predicted scaling exponent for limb stiffness is sufficiently high for us to conclude that the measured scaling of limb moment arms is at least sufficient to compensate for size-independent tendon material properties, and may overcompensate. This is in agreement with the conclusions of Biewener (2000) . This is a much lower scaling exponent for MTU stiffness than was used here, and would require systematic scaling of muscle properties with animal size.
CONCLUSIONS
We have argued that, for mammals to move in a dynamically similar manner, they must exhibit systematic distortions with size that compensate for the size independence of tendon elastic modulus. An implication of this is that in mammals that show dynamic similarity in some locomotor parameters when moving at equal Froude number other parameters will deviate systematically from dynamic similarity. Comparing mammals moving at equal Froude number cannot, therefore, remove all size-dependent effects. We have identified the allometric scaling of limb moment arms measured by Biewener (1989 Biewener ( , 1990 as a compensatory distortion and have shown that, in terms of maintaining dynamically similar limb stiffness, this distortion is at least sufficient to compensate for the size independence of tendon properties.
Our conclusions are based upon published scaling exponents, which are valid only over the range of animal sizes present in the data from which they are obtained. The size independence of the tendon elastic modulus has been established for mammals between 0.5 and 545 kg (Pollock & Shadwick 1994a) , so our conclusions regarding the need for a compensatory distortion can be applied to this size range. The allometric scaling of limb moment arms has been measured using mammals between 0.045 and 280 kg (Biewener 1989 (Biewener , 1990 , so our conclusions regarding limb stiffness can be applied only to this size range. They cannot be applied to hopping marsupials, which are known to scale very differently from placental mammals (Bennett 2000) .
If moment-arm allometry does overcompensate for constant tendon properties, then dynamically similar limb stiffness could still be maintained if another distortion counteracts this effect. Relatively greater muscle shortening during limb loading in smaller mammals or a rightwards shift of the tendon stress-strain curve in larger mammals might do this. If there were no such distortion, then larger mammals in the range measured by Biewener (1989 Biewener ( , 1990 would have relatively stiffer limbs. In this case, dynamically similar locomotion might still be possible if a distortion in another locomotor parameter compensated for the lack of dynamic similarity in limb stiffness. This illustrates an important difference between biology and physical modelling in engineering. In a physical model, similarity can often be obtained by applying one relatively simple distortion. Biological systems, however, are subject to multiple constraints and selection pressures, and any change in limb structure will have many consequences. For example, the allometric scaling of limb moment arms, as well as influencing limb stiffness, is thought to be important for maintaining muscle and bone stresses within safe limits in large mammals (Biewener 1989) . If there is selection pressure for animals of different sizes to be dynamically similar in a certain parameter, then it would not be surprising if this were achieved through the combined effects of multiple distortions, rather than by a single distortion of limb design.
